Abstract-A model is presented that calculates the singlefiber extracellular field and action potential (ap) of an active myelinated nerve fiber placed centrally or eccentrically inside a nerve with a cylindrical geometry, representing essentially a onefascicle nerve. This one-fascicle nerve has the dimensions and conductivities of the rat peroneal nerve branch. The results show a wide variety of wave shapes to be measured, depending on the position of the intraneural electrode with respect to the fiber axis and to the nodes of Ranvier and depending on the presence of an isolating cuff around the nerve. Action potential shapes may range from the "classical" quasi-biphasic one, to more triphasic, or even more complicated in the case of a short insulating cuff being present around the nerve. In the latter case, when measured bipolarly, ap-wave shapes become almost monophasic.
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I. INTRODUCTION

I
N neurophysiological and rehabilitation research there is an increasing interest in techniques to provide information to and extract information from peripheral nerve (for example [1] , [2] , [6] - [8] , [12] , and [14] ). The optimal device for these techniques would allow for the selective stimulation of the nerve fibers as well as the selective recording of their activity.
It has been shown that in case of electrical stimulation the highest degree of selectivity can be achieved with dense three-dimensional "lattices" of electrodes, placed inside the fascicles [9] - [11] , [18] , [19] . These intraneural stimulation electrodes, however, can also be used to monitor nerve signals, for example, to be used in future closed-loop control systems for rehabilitation.
In this respect, it is of interest to examine by modeling whether selective recording in nerve is possible, and how electrode and fiber position, tissue inhomogeneities, and anisotropies influence ap-wave shape and amplitude. Also, for proper processing the signals (monopolar or bipolar recordings, filter settings, spatial averaging) it is of importance to know how the ap-wave shape and amplitude vary with position of the electrode and conductivity of surrounding media.
A typical fascicle has a diameter of 0.5 mm, and the motor fibers within have typical diameters of 5-20 m, with corresponding node (of Ranvier) spacing of 0.5-2 mm. The number of motor fibers may be up to several hundreds. With respect to selectivity of recording, these dimensions and numbers readily lead to the expectation that there will be a large influence of the distance of the electrode to an active fiber and of the distance to the nodes of Ranvier. This is mainly due to the large ratio of node spacing to fiber diameter (in the order of 100), implying that an electrode has to be in the immediate neighborhood (tens of micrometers) of a fiber's node to pick up its signal distinctly from that of neighboring fibers.
A number of studies has been done earlier on calculating action potentials (ap's) from myelinated nerve fibers [5] , [8] , [13] , [15] , but none of these has considered the combined effect of eccentricity of sources and the inhomogeneities and anisotropic conductivities of the various tissues involved, on ap-wave shapes.
This paper deals with the (selective) recording of nerve fiber activity with intrafascicular electrodes. An algorithm is developed for the calculation of the extracellular potential field of an active myelinated nerve fiber inside a fiber bundle and an application study is shown in which special interest is given to the conductivity of the medium that surrounds the nerve and to the radial position of the active nerve fiber. The calculation of single fiber ap's to be measured with an intrafascicular electrode is presented and it is shown how these signals depend on the position of the electrode relative to the fiber and its active nodes. Also, the effect of an insulating cuff around the nerve is calculated.
The results give clues for the amount of selectivity that can be reached with multielectrode device configurations.
II. METHODS
A. Calculation of the Extracellular Potential Field of an Active Nerve Fiber
For the fiber bundle and its surroundings a simplified conductor model is used and an analytical expression is derived for the potential field of a point current source placed 0018-9294/98$10.00 © 1998 IEEE arbitrarily inside this bundle. The active nerve fiber is modeled as a number of point current sources and its potential field is calculated as a linear summation of the fields of these separate sources.
1) The Nerve: A nerve is modeled that contains only one fascicle. It is idealized as two coaxial, homogeneous, infinitely extending cylinders (Fig. 1) . The inner cylinder represents the fascicle and has a radius , a radial conductivity and a longitudinal conductivity . The outer cylindrical cell represents the epineurium and has a radius and an isotropic conductivity . Between the cylinders a sheath, with sheet conductivity , represents the thin perineurium. The nerve is immersed in a homogeneous and infinite medium with conductivity . The Appendix gives the calculation of the potential field due to a point current source placed eccentrically inside the inner cylinder.
The conductivities of the different tissues are given realistic values (for a detailed discussion on the conductivities; see [9] ). The radii of the fascicle and the epineurium are given values as measured in histological sections of rat peroneal nerve. Table I lists the parameter values chosen.
2) The Active Nerve Fiber: The active fiber is simulated as an array of active point current sources along the fiber bundle (Fig. 2) . Each source represents a node of Ranvier. In the simulation results shown in this paper, a nodal distance of 1000 m is chosen. Current values correspond to the nodal currents of an active fiber of 10-m diameter at one instant of time. These nodal currents are calculated using the simulation model for myelinated nerve fibers developed by Struijk et al. [16] , in which the membrane currents of a myelinated nerve fiber are calculated using the membrane ionic channel kinetics (Hodgkin-Huxley formulation) as described by Chiu et al. [3] . These kinetics are valid at a temperature of 14 C. The authors adopted the corrections of Struijk et al. [16] for a temperature of 37 C.
B. Calculation of the Signals to be Measured with Intrafascicular Electrodes
The potential at a point electrode at position ( ) due to active nodes of Ranvier can be written as (1) where and are the position and the current of the node indexed by and is the lead field of the electrode.
[According to the reciprocity principle the lead field is equal to the potential field that would be generated by a point source at position divided by the source current . It can, thus, be calculated with the same equations as used to calculate the potential fields, see the Appendix.]
If only one nerve fiber is active, (1) can be rewritten as
where is the position of the nearest node of the active fiber, the current at this node (see Fig. 2 ), the propagation velocity and the internodal distance.
C. Calculation of the Effect of a Nerve Cuff
At the recording of nerve signals, the nerve is often insulated as much as possible to increase the signal amplitude. Common Table I. procedures are the application of an insulating nerve cuff, the suspension of the nerve in air and/or paraffin oil, and the use of a tightly fitting nerve chamber (e.g., [1] , [2] , [7] , and [14] ). The simulation results for an insulated nerve cannot be applied straightforwardly to such a configuration when the opposite ends of the fiber bundle are electrically shunted (e.g., by external tissue or fluid around the insulation). Part of the currents generated by an active fiber will run outside the nerve tissue and, consequently, the current pattern and the potential field inside the fiber bundle will be changed.
Consider a nerve surrounded by a nerve cuff of length . The origin is placed at the center of the cuff and an active nerve fiber is positioned along the axis of the fiber bundle. If the nerve and cuff were completely suspended in air, the potential field inside the fiber bundle will be that of an insulated nerve and, thus, at any time , is dependent only on one parameter where is the propagation velocity of the active fiber.
Upon immersion of the cuff and the nerve in a conducting tissue or fluid the potential field, changes to a new field . Since there is generally a large volume of well-conducting surrounding fluid (or tissue) the total resistance outside the cuff will be negligible compared to the longitudinal resistance inside the cuff. So, the cuff ends have the same, zero, potential
Inside the nerve cuff no extra current sources are added and, therefore, is still a singular solution of the Laplace equation. The regular solution to be added is a homogeneous longitudinal field along the -direction that can vary in time:
. Addition of this solution and application of the new boundary conditions leads to the new solution (4) III. RESULTS
A. The Extracellular Potential Field of an Active
Nerve Fiber within a Noninsulated Nerve Fig. 3 shows an iso-potential contour plot of the extracellular potential field of an active nerve fiber inside a nerve that is surrounded by tissue with normal conductivity (e.g., muscle tissue). The ap travels from the left to the right. On the righthand side of the plot the first phase of the transmembrane ap arrives. The nodal currents in this region are strongly positive and so are the values of the extracellular potential field. More toward the middle of the plot, the second phase of the transmembrane ap is present, and the field has negative values. On the left-hand side, the third phase of the ap results in small, positive field values.
In the middle of the plot, the potential field predominantly has negative values, due to the large second phase of the ap. However, around a few nodes within this area the potential field has small positive values since the currents of these nodes are positive (although small) and dominate the field in the neighborhood of these nodes. Fig. 4 shows the nerve being placed inside a medium with low conductivity. As has been predicted [5] , [9] , [13] , the potential values within this (nearly) insulated nerve are considerably higher than in the previous situation. Fig. 4 shows the radial electrical fields near the active fiber to be small compared to the longitudinal electrical fields; the transverse planes are nearly iso-potential planes. The signals Iso-values are in V. For the parameter values used see Table I. measured with an intrafascicular electrode will thus be almost independent of the radial positions of the active fibers and the electrode. Only, close to an active node the potential measured has a radial dependency on node and electrode position.
B. The Extracellular Potential Field within an Insulated Nerve
The reason for the transverse iso-potential planes can be found in the fact that at a larger scale an insulated nerve acts as an one-dimensional conductor, a "wire." From moderate distances (in the order of 50-100 m) from each single active node of Ranvier on, its currents are forced to flow parallel to the -direction as the insulation does not allow current to cross the nerve boundary. As a result, the corresponding electrical field becomes constant and homogeneous.
C. The Single-Fiber Signals Measured with Intrafascicular Electrodes
Equation (2) is an expression for the single-fiber ap that is measured at position . This signal is computed for a central active nerve fiber within nerves, surrounded by media of various conductivities. The position of the electrode is varied as shown in Fig. 5 . The corresponding single fiber signals are plotted in Fig. 6 .
The fiber signals calculated for extraneural conductivities of 10 and 0.1 m are predominantly biphasic. Their shapes are very similar to the shape of the nodal current as shown in Fig. 2 . Their amplitudes decrease not only with the radial distance between fiber and electrode but also with the longitudinal distance between the electrode and the nearest node of Ranvier. Also, most notable at larger distances from the nodes of Ranvier, the amplitudes increase with a decreasing extraneural conductivity.
For a low extraneural conductivity of 0.001 m , the fiber signals not only have increased further but also became triphasic. Their shape no longer resembles that of the nodal current. This is because the field due to the current of the nearest node no longer dominates. Each active node generates a homogeneous field throughout the whole bundle and, therefore, contributes to the signals measured at any place within. The signals are also strongly rippled which reflects the saltatory conduction of the ap. For a node of Ranvier, the transition from large positive currents to large negative currents (from phase one to phase two, Fig. 2 ) takes less time then the ap to travel one nodal distance. The phase transition "jumps" from node to node and due to the insulation its effect is seen on the fiber signal even if the recording electrode is at a large distance.
D. The Effect of a Nerve Cuff on the Single-Fiber Signals
In Fig. 7 , a nerve is shown that is surrounded by a nerve cuff. The fiber bundle contains an active fiber with a node of Ranvier positioned at the center at the cuff. Near this node, an electrode is placed at a position as indicated by "c" in Fig. 5 . Also shown are two electrodes, placed near the two neighboring nodes, to measure bipolar signals. The various parameter values are equal to those of Fig. 4 . The signals to be measured with the electrodes are shown in Fig. 8 for various cuff lengths.
The monopolar fiber signal calculated for a relatively long cuff of 40 mm is relatively complex and contains five phases. For shorter cuffs the number of phases decreases until the signal is predominantly biphasic.
The bipolarly measured fiber signals look almost monophasic, as the triphasic waveform has a strong second phase, flanked by two small phases of opposite sign. The duration of these small phases decreases with decreasing cuff length. For both monopolar and tripolar recording the signals amplitude decrease with cuff lengths below 10 mm.
IV. DISCUSSION
Models for calculating the extracellular potential field of an active myelinated fiber have been developed before but, for several reasons, these models fall short for our applications.
Stephanova et al. [15] simulated the active process along the membrane of a myelinated nerve fiber, embedded in an infinite homogeneous volume conductor, and calculated the corresponding extracellular potentials. The inhomogeneous geometrical structure of the nerve and its surroundings were not modeled.
Stein and Oguztöreli [13] derived an analytical expression for the extracellular potential field of a central active fiber inside a cylindrical homogeneous fiber bundle that was surrounded by an insulating cuff. In calculating the potential field, an extracellular membrane potential distribution was imposed at the surface of the active fiber. This nerve fiber was looked at as a voltage source, although a current source would be closer to reality.
Ganapathy and Clark [5] derived an expression similar to Stein and Oguztöreli, but at the surface of the active fiber they imposed a transmembrane current as calculated using an equivalent circuit model for a representative myelinated nerve fiber.
The latter model comes closest to that presented in this paper. The present model has the refinements that 1) the tissues of the nerve (epineurium, perineurium, and fascicle) and its surroundings can be modeled separately, 2) the active fiber can be placed eccentrically, and 3) the fiber source is a distributed array of nodal current sources.
In the computations of Ganapathy and Clark [5] , had to be digitized in the -domain. To span the whole active region a step size of m was used. This step size is, however, much larger than the length of a node of Ranvier. Since, in reality, the membrane current is strongly peaked at these nodes, no accurate description could be achieved for the potential field in the neighborhood of the nodes. In the present model the primary source field (see Appendix) does not have to be digitized. In the neighborhood of a node, this field dominates and therefore a higher accuracy is achieved.
In the present model, the authors have assumed that the action currents of a nerve fiber are produced at the nodes of Ranvier. The (capacitive) currents that flow through the myelin sheath were neglected since they are relatively small (see, e.g., Tasaki [17] ).
For a noninsulated nerve it is shown that the amplitude of a fiber signal progressively increases with a decreasing distance between the recording electrode and the nearest node of Ranvier of the active nerve fiber. Therefore, the electrode can be said to be selective for those fibers which have a node within a close range.
The optimal situation for a selective multielectrode device would be an one-to-one correspondence between nodes and electrodes, i.e., when each electrode is close to exactly one node of Ranvier and vice versa. To approximate this situation an electrode density would be needed that is at least equal to the nodal density [4] . Assuming an average fiber diameter ( ) of 10 m and an average internodal length ( ) of 1000 m, and assuming that the fibers occupy half the space inside the fiber bundle, one finds nodes/m . For a cubic grid of electrodes this implies a corresponding electrode spacing of 50 m.
For lower electrode densities, each electrode will monitor the activity of a number of nerve fibers. The signals from different fibers on the same electrode then may be discriminated by their shape and their amplitude. This approach fails progressively with increasing electrode spacing when moredistant fibers elicit signals with increasingly similar shape and amplitude (Fig. 6, [4] ). Calculations on the discriminating ability of electrodes when multiple nearby fibers are active have been presented elsewhere [19] .
If the ap of an active fiber is measured with three or more monopolar electrodes, theoretically its position can be determined from the shape and amplitude of the corresponding signals (Fig. 6) . This increases the ability to discriminate the activity of the separate fibers.
It was shown that if a nerve is insulated, the transverse planes become practically iso-potential planes. Only in those applications where fiber selectivity is not required is this insulation recommended, because it increases the signals measured and makes them independent on the radial position of the electrode. One has to be very careful though in the interpretation of the shape and size of the fiber signals seen because they depend strongly on the length of the insulated part of the nerve (Fig. 8) .
APPENDIX THE POTENTIAL FIELD OF A POINT CURRENT SOURCE IN THE NERVE MODEL
A point current source at position ( , 0, 0) inside a fascicle (see Fig. 1 ) induces a potential field inside this fascicle that can be written as a superposition of a primary field and a secondary field . The primary field is the field induced by the current source as if this source was placed in an infinite homogeneous medium. The secondary field represents the modifications of the field due to the inhomogeneities (5) Apart from the point current source, no extra sources are created. Therefore, the secondary field , the field in the epineurium , and the field in the nerve surrounding medium , have to fulfill the equation of continuity (6) For isotropic conductive media this results in the Laplace equation. For the intrafascicular field, a proper coordinate transformation is needed (7) We find (8) It can be shown that using a cylindrical coordinate system (9) which is used in the general solution of the Laplace equation (for the -direction the formulation will be in the frequency domain) (10) where and are the modified Bessel functions of the first-and second-order. Using (11) and the Bessel function relations (12) to rewrite the primary field as an expansion of Bessel functions and using the symmetry of the system (13) and the limits (14) one finds the following general expression of the field (15) Four boundary conditions can be applied at the surfaces of the two cylinders (16) Using the orthogonality of the trigonometrical functions, the values for , and now can be solved. Introducing (17) One finds (18) To compute the potential field, the integrals of (15) are discretised. After calculation of the coefficients of (18) and the Fourier coefficients of (15), the field is obtained using a fast Fourier transform.
It is not possible to calculate and straightforwardly because they contain terms that have infinite values for . Such problems can be circumvented by using series expansions of and [9] . However, if the potential values are calculated along a line parallel to the axis, the terms and only influence the offset. In the numerical computations, these terms were given zero value, and after computation of the potential values an offset was added such that these values were zero at the largest negative and positive values of , reflecting the fact that the potentials have to go to zero at infinity.
